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Numerous studies have linked air pollution with adverse birth outcomes, but relatively few have ex-
amined differential associations across the socioeconomic gradient. To evaluate interaction effects of
gestational nitrogen dioxide (NO2) and area-level socioeconomic deprivation on fetal growth, we used:
(1) highly spatially-resolved air pollution data from the New York City Community Air Survey (NYCCAS);
and (2) spatially-stratiﬁed principle component analysis of census variables previously associated with
birth outcomes to deﬁne area-level deprivation. New York City (NYC) hospital birth records for years
2008–2010 were restricted to full-term, singleton births to non-smoking mothers (n¼243,853). We used
generalized additive mixed models to examine the potentially non-linear interaction of nitrogen dioxide
(NO2) and deprivation categories on birth weight (and estimated linear associations, for comparison),
adjusting for individual-level socio-demographic characteristics and sensitivity testing adjustment for
co-pollutant exposures. Estimated NO2 exposures were highest, and most varying, among mothers re-
siding in the most-afﬂuent census tracts, and lowest among mothers residing in mid-range deprivation
tracts. In non-linear models, we found an inverse association between NO2 and birth weight in the least-
deprived and most-deprived areas (p-valueso0.001 and 0.05, respectively) but no association in the
mid-range of deprivation (p¼0.8). Likewise, in linear models, a 10 ppb increase in NO2 was associated
with a decrease in birth weight among mothers in the least-deprived and most-deprived areas of
16.2 g (95% CI: 21.9 to 10.5) and 11.0 g (95% CI: 22.8 to 0.9), respectively, and a non-signiﬁcant
change in the mid-range areas [β¼0.5 g (95% CI: 7.7 to 8.7)]. Linear slopes in the most- and least-
deprived quartiles differed from the mid-range (reference group) (p-valueso0.001 and 0.09, respec-
tively). The complex patterning in air pollution exposure and deprivation in NYC, however, precludes
simple interpretation of interactive effects on birth weight, and highlights the importance of considering
differential distributions of air pollution concentrations, and potential differences in susceptibility, across
deprivation levels.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Inc. This is an open access article u
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).1. Introduction
There is considerable attention on the role of prenatal air pol-
lution exposure on adverse birth outcomes (Shah and Balkhair,
2011; Stieb et al., 2012). Despite a growing understanding of the
biological mechanisms underlying this association, including sys-
temic oxidative stress (Kannan et al., 2006; Burton and Jauniaux,
2011) and inﬂammation (Munoz-Suano et al., 2011), epidemiolo-
gical evidence remains inconclusive. This mixed evidence may be
attributable to differing exposure assignment methods andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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lutant exposures and adjustment methods (Woodruff et al., 2009).
Alternatively, inconsistencies may arise from incomplete adjust-
ment for confounding, or from differential exposure–response
relationships across populations. Of particular concern is sufﬁ-
ciently accounting for socioeconomic deprivation, which may be
spatially correlated with air pollution (Clark et al., 2014; Tian et al.,
2013), and thus may confound measures of association, or may
operate synergistically through common biological pathways [e.g.,
chronic stress-induced inﬂammation, or dysregulation of immune
and endocrine systems (Clougherty and Kubzansky, 2009;
Schwartz et al., 2011)].
The need to integrate socioeconomic context and environ-
mental pollution exposures into health research has long been
recognized (IOM, 1999; Gee and Payne-Sturges, 2004; Morello-
Frosch and Shenassa, 2006), and there is growing attention to the
role of multiple exposures and heightened physiologic suscept-
ibility [i.e., allostatic load (McEwen and Seeman, 1999)] in driving
health disparities (Nweke et al., 2011; Sexton and Linder, 2011).
There is substantial evidence for adverse impacts of area-level
deprivation on pregnancy outcomes, even after accounting for
individual socioeconomic position (SEP) (Picket and Pearl, 2001;
O’Campo et al., 2008; Blumenshine et al.,2010). However, only a
few studies have examined differential associations between ex-
posure to air pollution (or trafﬁc-related proxy variables) and fetal
growth outcomes across the socioeconomic gradient. Among these
studies, results range from no interaction with ﬁne particulate
matter (particles with aerodynamic diametero2.5 mm3, PM2.5) or
ozone (Gray et al., 2014), to heightened associations with carbon
monoxide (CO) and nitrogen dioxide (NO2) (Morello-Frosch et al.,
2010) or distance-weighted trafﬁc density in low-SEP areas (Wil-
helm and Ritz, 2003), to heightened associations with residential
proximity to highway in high-SEP areas (Généreux et al., 2008).
These mixed results may arise from real differences in exposure
and/or susceptibility across populations, or from methodological
differences (e.g., socioeconomic measures, or pollution exposure
assignment). Disentangling the complex relationships between
social and environmental exposures requires large and diverse
samples, detailed exposure and outcome information, and in-
novative analytic strategies to address spatial confounding (Ness
et al., 2013).
This is the ﬁrst study, to our knowledge, to consider potential
non-linear associations and effect modiﬁcation between NO2 and
area-level deprivation on term birth weight. Speciﬁcally, we used
vital records and hospital data covering in New York City (NYC)
births 2008–2010 to examine: (1) mutually-adjusted NO2 and
area-level deprivation associations with birth weight and (2) dif-
ferential associations between NO2 and birth weight by depriva-
tion levels, adjusted for individual-level SEP and co-occurring
PM2.5. We focus on fetal growth among term births, which has
important lifecourse and population health implications (Barker
et al., 2002). To quantify area-level deprivation, we developed a
composite index of area-level deprivation, which reﬂects the
spatial heterogeneity of socioeconomic factors across NYC. We
build on a study of air pollution and birth outcomes in NYC which
was designed to minimize spatial and temporal uncertainty in air
pollution exposure estimates in a densely populated city (Ross
et al., 2013; Savitz et al., 2014). We previously reported signiﬁcant
associations between ﬁne-scale NO2 and PM2.5 and term birth
weight, and observed that variance in exposure estimates were
primarily spatial for NO2 vs. temporal for PM2.5 (Savitz et al., 2014).
Because our deprivation index does not vary temporally over the
study period, we focus here on spatial variation in NO2 exposures
over the entire pregnancy.2. Methods
2.1. Study population
Vital records for 348,585 live births to mothers residing within
the ﬁve boroughs of NYC during 2008–2010 were merged with
patient-level data from the New York State Department of Health
Statewide Planning and Research Cooperative System (SPARCS),
covering all licensed NYC healthcare facilities. We restricted the
study population to full-term (37–42 weeks gestation), singleton
births with no congenital anomalies, born to (self-reported) non-
smoking mothers with complete residential address and covariate
data, leaving 243,853 births. Exclusion criteria for implausible
clinical values and ﬁxed cohort bias (Strand et al., 2011) in this
population are detailed elsewhere (Savitz et al., 2014).
2.2. Term birth weight outcome and covariates
We examined changes in term birth weight as a continuous
variable. We adjusted for individual-level covariates previously
associated with fetal growth, including: maternal age, pre-preg-
nancy body mass index (BMI), receipt of prenatal care (yes/no),
number of previous lives births, and gestational age (in weeks).
We included three measures of maternal SEP, including: Medicaid
status (yes/no), years of education (o9, 9–11, 12, 13–15, 16, or
416), and race/ethnicity (White, Black, Hispanic, or Asian) cross-
classiﬁed by United States (US)- or foreign-born status. To account
for temporal trends in pollution we adjusted for year and season of
conception, as in our prior analysis of this data (Savitz et al., 2014).
2.3. Composite index of area-level socioeconomic deprivation
We adapted Messer et al.'s(2006) area-level deprivation index
originally developed to reﬂect between-city differences in pre-
valence in, and combinations of, SEP indicators using spatially-
stratiﬁed principle component analysis (PCA). This effort to cap-
ture distinct SEP typologies using cities as spatial regimes, or
strata, represented an important methodological innovation, as
traditional application of data reduction techniques can obscure
heterogeneity in spatial patterns in SEP (Pickett and Pearl, 2001).
Here, we adapted this approach to describe intra-urban SEP het-
erogeneity across NYC census tracts, and propose a geostatistical
technique for identifying optimal spatial strata for PCA. Based on
Messer et al.'s (2006) literature review of census SEP variables
previously associated with birth outcomes, we selected 20 in-
dicators covering multiple domains of deprivation – educational
attainment, employment, occupation, housing, poverty, and racial/
ethnic composition – from the American Communities Survey
(ACS) 2005–2009 ﬁve-year estimates, to best match years of air
pollution and outcome data (Supplemental Table 1). We used
census tracts as our unit of analysis to maximize comparability
with other studies of area-level SEP and birth outcomes (Krieger
et al., 2003; Janevic et al., 2010), excluding tracts with total re-
sidential population fewer than 20 persons (n¼62 of 2216).
To identify spatial strata which maximized autocorrelation in
each tract-level SEP indicator, and minimized correlations be-
tween strata, we used Local Indicators of Spatial Association (LISA)
statistics to quantify between-tract clustering (Anselin, 1995).
More information on the LISA statistic, and our process for iden-
tifying boroughs (n¼5) as the optimal spatial strata, can be found
in supplemental materials (Supplemental Fig. 1).
We followed a standard PCA process to reduce the number of
highly-correlated variables to the minimum number of un-
correlated components. Speciﬁcally, following initial extraction of
components and corresponding eigenvalues, we selected the
number of components based on eigenvalues 41, Scree plots, and
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solution to identify SEP variables that loaded strongly (470.40)
on more than one component, suggesting that the variable cap-
tured more than one underlying construct, and could be omitted
to increase between-factor differences. After generating a city-
wide PCA solution, we repeated the above steps within each bor-
ough, to ensure that locally-important variables and relationships,
possibly obscured in the city-wide PCA, could be retained and
contribute to the ﬁnal deprivation index. We tallied variables that
loaded 470.40 in two or more borough-level PCA solutions,
which were then included with those retained by the initial city-
wide solution in a second city-wide PCA process.
The ﬁnal socioeconomic deprivation index (SDI) solution based
on census tracts retained seven ACS variables: population rates of
residents with a college degree, unemployed, residential crowding,
management or professional occupation, below 200% of the Fed-
eral Poverty Level (FPL), households receiving public assistance,
and non-White racial composition. The ﬁrst component factor
explained 56% of overall variance in retained variables. The initial
city-wide solution, in contrast, retained fewer, slightly different
variables, and the ﬁrst component explained only 41% of overall
variance (Supplemental Table 1). We operationalized the SDI as
tract-level factor scores for the ﬁrst component of the PCA solu-
tion, in keeping with Messer et al. (2006), such that higher scores
indicated greater tract-level socioeconomic deprivation (Fig. 1);
tract SDI mean score¼0, standard deviation (SD)¼1, range 2.33
to 4.01. PCA was implemented in SAS v9 (Cary, NC).
2.4. Air pollution exposure assessment
Fine-scale ambient pollution data from the New York City
Community Air Survey (NYCCAS) was used to derive near-re-
sidence maternal NO2 and PM2.5 exposure estimates. NYCCAS
methods and results are detailed elsewhere (Matte et al., 2013;
Clougherty et al., 2013). Brieﬂy, NYCCAS utilized a spatialFig. 1. Socioeconomic deprivation index scores, with highersaturation design to measure multiple air pollutants across 150
locations, repeated across four seasons and over two years.
Monitors were positioned at street-level (10–12 feet), and col-
lected integrated two-week samples in each season from De-
cember 2008 through December 2010. Prior analyses reported
greater spatial variability in NO2 and greater temporal variability
in PM2.5 (Clougherty et al., 2013; Savitz et al., 2014). Because our
SDI measure used multi-year census variables to maximize preci-
sion in spatial variability in SEP (which is not time-varying over
the course of study), we focus here on the full-gestation period for
NO2 exposure assessment, and consider co-pollutant adjustment
for full-gestation PM2.5 in sensitivity analyses.
Births were geocoded to mother's residential address at deliv-
ery, and NYCCAS pollution concentration surfaces were used to
estimate near-residence exposure as the mean concentration
within a 300 m radial buffer. Exposure estimates were then tem-
porally adjusted using regulatory monitoring data to match in-
dividual-level gestation periods, as detailed in Ross et al. (2013).
2.5. Statistical analyses
We used generalized additive mixed models to estimate asso-
ciations between area-level deprivation, maternal air pollution
exposure, and term birth weight, allowing for ﬂexible estimation
of non-linear exposure–response relationships using penalized
splines (Wood, 2003). A random intercept accounted for the
clustering of mothers within census tracts. We ﬁrst considered
mutually-adjusted non-linear effects of NO2 and area-level depri-
vation (i.e., SDI) on term birth weight, with adjustment for ma-
ternal SEP and covariates (Model 1). We then examined differ-
ential NO2-birth weight associations by SDI levels by allowing the
smooth relationship between NO2 and birth weight to differ by
quartile of census tract-level SDI (Model 2). Cut-points for three-
level SDI categories were set at the 25th and 75th percentiles of
factor scores across mothers (0.46 and 1.03, respectively). Wescores indicating greater census tract-level deprivation.
Table 1
Study population characteristics, by SDI levels.
Study Population High-SEP tracts (SDI Q1) Mid-range SEP tracts (SDI Q2þQ3) Low-SEP tracts (SDI Q4)
n¼243,853 n¼60,963 n¼121,809 n¼61,081
Term birth weight (g) % (n) % (n) % (n) % (n)
o1500 0.04 (88) 0.04 (26) 0.03 (32) 0.05 (30)
1500–2499 2.6 (6402) 2.2 (1361) 2.7 (3291) 2.9 (1750)
2500–3999 90.3 (220,156) 90.2 (54,978) 90.3 (110,017) 90.3 (55,161)
Z4000 7.1 (17,207) 7.5 (4598) 7.0 (8469) 6.8 (4140)
Maternal SEP % (n) % (n) % (n) % (n)
Education
o9 yrs 8.1 (19,731) 2.1 (1300) 8.8 (10,700) 12.7 (7731)
9–11 yrs 17.6 (42,819) 4.3 (2622) 17.8 (21,719) 30.3 (18,487)
12 yrs (High school) 23.9 (58,286) 10.3 (6266) 10.3 (6266) 28.7 (17,476)
13–15 yrs 21.9 (53,376) 16.8 (10,249) 24.9 (30,293) 21.0 (12,825)
16 yrs (BA) 16.3 (39,793) 33.2 (20,213) 13.2 (16,129) 5.7 (3451)
416 yrs 12.2 (29,857) 33.3 (20,213) 6.9 (8424) 1.8 (1120)
Medicaid status
Yes 61.1 (149,106) 23.8 (14,485) 68.6 (83,582) 83.6 (51,039)
No 38.9 (94,747) 86.2 (46,478) 31.4 (38,227) 16.4 (10,042)
Ethnicity
US-born White 19.4 (47,233) 44.3 (27,021) 14.6 (17,725) 4.1 (2496)
Foreign-born White 9.4 (22,912) 20.3 (12,387) 8.0 (9,763) 1.3 (762)
US-born Black 12.0 (29,339) 2.8 (1732) 13.8 (16,779) 17.7 (10,828)
Foreign-born Black 9.8 (23,856) 2.1 (1295) 13.4 (16,299) 10.3 (6,262)
US-born Hispanic 12.4 (30,346) 6.5 (3974) 11.3 (13,794) 20.6 (12,578)
Foreign-born Hispanic 21.8 (53,248) 7.4 (4529) 21.5 (26,161) 36.9 (22,558)
US-born Asian 1.2 (2899) 2.9 (1783) 0.8 (981) 0.2 (135)
Foreign-born Asian 14.0 (34,020) 13.5 (8251) 16.7 (20,307) 8.9 (5462)
Adjustment covariates % (n) % (n) % (n) % (n)
Maternal age (years)
o20 6.6 (16,108) 1.7 (1024) 6.6 (8056) 11.5 (7.028)
20–o25 20.8 (50,608) 8.1 (4964) 23.4 (28,504) 28.1 (17,140)
25–o 30 26.6 (64,814) 20.0 (12,178) 28.9 (35,145) 28.6 (17,491)
30–o 35 26.4 (64,481) 37.8 (23,062) 24.3 (29,556) 19.4 (11,863)
35–o 40 15.3 (37,246) 25.1 (15,324) 13.2 (16,025) 9.7 (5897)
Z40 4.4 (10,596) 7.2 (4411) 3.7 (4523) 2.7 (1662)
Pre-pregnancy BMI
o18.5 (Underweight) 5.5 (13,445) 6.4 (4108) 5.3 (6456) 4.7 (2881)
18.5–o25 (Normal) 54.3 (132,442) 68.7 (41,851) 51.6 (62,810) 45.5 (27,781)
25–o30 (Overweight) 23.7 (57,842) 16.3 (9929) 25.5 (31,082) 27.6 (16,831)
Z30 (Obese) 16.5 (40,124) 8.3 (5075) 17.6 (21,461) 22.3 (13,588)
Prenatal care received
Yes 99.5 (242,570) 99.6 (60,746) 99.5 (121,156) 99.3 (60,668)
No 0.5 (1283) 0.4 (217) 0.5 (653) 0.7 (413)
Previous live births
0 46.6 (113,644) 56.3 (34,314) 44.0 (53,582) 42.2 (25,748)
1 29.5 (71,990) 29.3 (17,884) 29.9 (36,356) 29.1 (17,741)
2 13.5 (33,011) 9.4 ( 5727) 14.3 (17,433) 16.1 (9851)
Z3 10.3 (25,208) 5.0 ( 3038) 11.9 (14,429) 12.7 (7741)
Gestational age (weeks)
37 8.1 (19,654) 7.0 (4284) 8.6 (10,147) 8.6 (5223)
38 18.5 (44,994) 17.6 (10,727) 18.7 (22,876) 18.7 (11,391)
39 34.5 (84,237) 35.0 (21,319) 34.7 (41,742) 34.7 (21,176)
40 29.6 (72,284) 31.7 (19,288) 28.7 (35,454) 28.7 (17,542)
41 8.6 (21,002) 8.2 (4975) 8.8 (10,569) 8.8 (5368)
42 0.7 (1682) 0.6 (370) 0.8 (931) 0.6 (381)
Conception season
Dec–Feb 28.8 (70,242) 28.4 (17,305) 29.0 (35,326) 28.8 (17,611)
Mar–May 20.4 (49,686) 20.0 (12,200) 20.4 (24,839) 20.7 (12,647)
Jun–Aug 22.0 (53,670) 22.4 (13,654) 22.0 (26,787) 21.7 (13,229)
Sep–Nov 28.8 (70,255) 29.2 (17,804) 28.6 (34,857) 28.8 (17,594)
Conception year
2007 16.7 (40,812) 16.8 (10,212) 16.7 (20,292) 16.9 (10,308)
2008 38.7 (94,238) 38.7 (23,562) 38.6 (47,042) 38.7 (23,634)
2009 37.2 (90,615) 37.2 (22,709) 37.2 (45,301) 37.0 (22,605)
2010 7.5 (18,188) 7.4 (4480) 7.5 (9174) 7.4 (4534)
Full-gestation air pollution exposure estimate Mean (SD) Mean (SD) Mean (SD) Mean (SD)
NO2 near-residence mean concentration (ppb) 26.8 (5.3) 28.1 (8.0) 25.7 (3.9) 27.8 (3.6)
PM2.5 near-residence mean concentration (lg/m3) 11.8 (1.9) 12.3 (2.4) 11.3 (1.5) 12.2 (1.7)
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Fig. 2. Maternal NO2 exposure estimates, by SDI quantiles. The most afﬂuent
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quartiles (Model 3), to quantitatively compare the estimated
slopes across the SDI levels. For interaction models, we combined
middle-range SDI quartiles (Q2 and Q3) due to similar observed
relationships between pollutant exposures and birth weight in
these quartiles. Regression models were implemented R statistical
software v3.1.0.
2.6. Sensitivity analyses
First, to investigate whether the observed interaction between
NO2 and tract-level SDI was driven by clustering of similar-SEP
mothers within a tract, we examined modiﬁcation of the NO2-
birth weight association by maternal SEP characteristics, adjusted
for area-level deprivation. Second, because NO2 and PM2.5 have
some common sources, and thus may be spatially confounded, we
re-ﬁt all models with adjustment for maternal PM2.5 exposure
estimates.
This research protocol was approved by Institutional Review
Boards at the NYC Department of Health and Mental Hygiene,
Brown University and University of Pittsburgh.quartile of tracts (SDI Q1) contains the highest and most varying NO2 levels.3. Results
Mothers in the study population reﬂected the socio-demo-
graphic diversity of NYC (Table 1). Overall, 71.5% of mothers re-
ported fewer than 16 years of education [roughly the equivalent of
a college degree (BA)] and 61.1% of deliveries were eligible for
Medicaid coverage. Mothers living in least-deprived (high-SEP, SDI
Q1) tracts had higher mean educational attainment (33.5%oBA)
and lower mean Medicaid eligibility rates (23.8%), compared to
mothers living in the most-deprived (low-SEP, SDI Q4) tracts
(92.7%oBA, 83.6% Medicaid eligibility). Overall, 55% of mothers
were foreign-born, with the highest proportion of non-native
mothers reporting Hispanic and Asian ethnicities. Ethnicity varied
across SDI levels; more foreign- and US-born White and foreign-
born Asian mothers lived in high-SEP tracts (20.3, 44.3, and 13.5%,
respectively), versus higher proportions of foreign- and US-born
Black and Hispanic mothers in low-SEP tracts (10.3, 17.7, 36.9, and
20.6, respectively). Mothers in high-SEP tracts were generally
older, with lower parity, and lower pre-pregnancy BMI, compared
to mothers in low-SEP tracts. The majority of mothers across SDI
levels received prenatal care (overall 99.5%). Few births were less
than 2500 g (2.64%), which were slightly less common (2.24%,
po0.001) among mothers in high-SEP tracts.
Maternal air pollution exposures varied spatially, and by the
SDI; the distribution of NO2 across SDI levels exhibited an inverted
J-shaped relationship, with highest, and most variable, exposures
in high-SEP tracts forming a negative relationship within SDI Q1,
while, in the middle- and lower-SEP tracts (SDI Q2–Q4), NO2 and
SDI showed a weak but positive correlation (Fig. 2). The inter-
quartile range for full-gestation maternal NO2 exposure was
6.25 ppb. NO2 and PM2.5 exposure estimates were correlated
[Pearson ρ¼0.81 (po0.001)], and both were weakly inversely
correlated with SDI [NO2 ρ¼0.12 (po0.05), PM2.5 ρ¼0.11
(po0.05)].
3.1. Mutually-adjusted associations of SDI and NO2 with term birth
weight
In Model 1, SDI showed a negative linear association with term
birth weight, while NO2 exhibited negative non-linear associations
with birth weight (Supplemental Fig. 2), with strongest associa-
tions below approximately 20 ppb, ﬂat between 20 and 30 ppb,
and a shallow slope above 30 ppb. Gestational age, receipt ofprenatal care, pre-pregnancy BMI, maternal age, and maternal
education were positively associated with birth weight (Table 2).
Offspring of US- and foreign-born Black, US-born Hispanic, and
US-and foreign-born Asian mothers had lower average birth
weights, as did births in later study years. Medicaid status and
conception season did not signiﬁcantly predict birth weight.
3.2. Modiﬁcation of the NO2-birth weight association by SDI levels
In Model 2, we observed decreasing term birth weight with
increasing pollution exposures in the highest- and lowest-SDI
quartiles, and a ﬂat association in the middle-range SDI level
(Q2þQ3) (Fig. 3). Among high-SEP tracts (SDI Q1), increasing NO2
below approximately 20 ppb, and above approximately 30 ppb,
was associated with lower birth weights (p-valueo0.001). Among
lower-SEP tracts (SDI Q4), there was a near-linear negative re-
lationship between NO2 and birth weights (p¼0.05), and no as-
sociation in the mid-range SDI group (p-value¼0.8).
In Model 3, linear NO2-birth weight slopes (i.e., birth weight
reductions) were 16.2 g (95% CI: 21.9, 10.5), 0.5 g (95% CI:
7.7, 8.7), and 11.0 g (95% CI: 22.7, 0.9) per 10 ppb increase in
NO2, for the lowest, middle, and highest SDI groups (SDI Q1, SDI
Q2þQ3, and SDI Q4), respectively. Compared to the mid-range SDI
group (reference), p-values for interaction for SDI Q1 and Q4 were
o0.001 and 0.09, respectively. Covariate estimates in Models
2 and 3 were unchanged from Models 1 (Table 2).
3.3. Sensitivity analyses
Tests for modiﬁcation of the NO2-birth weight association by
individual-level SEP indicators with adjustment for area-level
deprivation were null or weak (Supplemental Table 3). We ob-
served no evidence for modiﬁcation by educational attainment,
and modest non-signiﬁcant modiﬁcation by Medicaid status;
among Medicaid-eligible mothers, each 10 ppb increase in NO2
conferred a 6.6 g decrement (95% CI: 13.1, 0.1) in birth weight,
versus 14.0 g (95% CI: 19.3, 8.7) among non-eligible mo-
thers. Similarly, we observed attenuated NO2-birth weight asso-
ciations among foreign-born White and Asian mothers – a 10 ppb
increase in NO2 was associated with birth weight decrements of
4.9 g (95% CI: 14.1, 4.3) and 0.3 g (95% CI: -9.6, 9.0), respectively
– versus greater decrements among US-born White and US- and
foreign-born Black and Hispanic mothers [15.8 g (95% CI 22.4,
Table 2
Linear coefﬁcient estimates for change in term birth weight (g) for covariates from Models 1–3.
Model 1 Model 2 Model 3
Covariates Effect estimate (g) 95% CIs Effect estimate (g) 95% CIs Effect estimate (g) 95% CIs
Intercept 2773.4 2746.2, 2800.6 2773.2 2746.0, 2800.4 2774.0 2739.2, 2808.7
Ethnicity
US-born White [REF] – – – – – –
Foreign-born White 5.7 1.2, 12.6 5.8 1.1, 12.7 5.2 1.5, 12.0
US-born Black 113.8 121.2, 106.3 113.3 120.7, 105.8 113.8 121.1, 106.4
Foreign-born Black 78.5 86.3, 70.8 77.9 85.6, 70.1 78.6 86.2, 70.9
US-born Hispanic 38.2 45.4, 30.9 37.9 45.1, 30.6 38.3 45.4, 31.1
Foreign-born Hispanic 1.4 8.1, 5.3 1.0 7.7, 5.7 1.6 8.1, 5.0
US-born Asian 104.5 120.3, 88.6 104.3 120.2, 88.4 104.8 120.4, 89.2
Foreign-born Asian 87.7 94.5, 80.8 87.5 94.4, 80.7 88.4 95.2, 81.7
Maternal education
o 9 yrs [REF] – – – – – –
9–11 yrs 12.2 10.1, 25.6 12.2 4.9, 19.5 12.2 5.0, 19.4
12 yrs. (High school) 17.5 41.0, 57.1 17.5 10.5, 24.6 17.5 10.7, 24.4
13–15 yrs 34.7 57.2, 74.2 34.8 27.3, 42.2 34.7 27.4, 41.9
16 yrs. (BA) 36.9 66.1, 84.4 37.1 28.8, 45.4 37.1 28.9, 45.2
416 yrs 36.1 50.8, 73.6 36.2 27.1, 45.4 36.3 27.3, 45.2
Medicaid status
No [REF] – – – – – –
Yes 1.5 3.0, 5.9 1.5 3.0, 5.9 1.3 3.1, 5.0
Maternal age (years)
o 20 [REF] – – – – – –
20–o 25 17.8 10.4, 24.6 17.8 10.0, 25.5 17.7 10.0, 25.3
25–o 30 49.0 27.3, 42.1 48.9 40.8, 56.9 48.9 40.8, 56.9
30–o 35 65.7 28.6, 45.3 65.5 57.1, 74.0 65.7 57.3, 74.2
35–o 40 75.2 27.0, 45.2 75.1 65.9, 84.2 75.2 65.9, 84.2
Z40 62.2 3.0, 5.9 62.1 50.6, 73.5 62.2 51.0, 73.4
Pre-pregnancy BMI
o18.5 (Underweight) [REF] – – – – – –
18.5–o 25 (Normal) 95.3 87.8, 102.8 95.3 87.8, 102.8 95.3 87.9, 102.6
25–o 30 (Overweight) 159.7 151.6, 167.8 159.7 151.6, 167.8 159.7 151.8, 167.6
Z30 (Obese) 215.5 207.0, 224.0 215.5 207.0, 224.0 215.6 207.2, 223.9
Prenatal care received
No [REF] – – – – – –
Yes 32.2 9.1, 55.2 32.2 9.2, 55.3 32.1 9.5, 54.7
Previous live births
0 [REF] – – – – – –
1 68.4 64.3, 72.5 68.4 64.3, 72.5 68.3 64.3, 72.4
2 77.2 71.6, 82.8 77.3 71.7, 82.8 77.2 71.7, 82.7
Z 3 76.9 70.3, 83.5 77.0 70.3, 83.6 76.7 70.2, 83.2
Gestational age (weeks)
37 [REF] – – – – – –
38 198.8 191.7, 205.8 198.8 191.8, 205.8 198.8 191.9, 205.7
39 347.5 341.0, 354.0 347.5 341.0, 354.1 347.6 341.2, 354.0
40 454.8 448.2, 461.5 454.9 448.3, 461.6 454.9 448.1, 461.4
41 585.9 577.7, 594.1 585.9 577.7, 594.1 585.9 577.7, 594.1
42 648.5 627.6, 669.4 648.7 627.8, 669.7 648.5 628.0, 669.0
Conception season
Dec–Feb [REF] – – – – – –
Mar–May 1.4 3.6, 6.4 1.4 3.6, 6.3 1.5 3.4, 6.4
Jun–Aug 4.4 0.6, 9.3 4.2 0.7, 9.2 4.1 0.7, 9.0
Sep–Nov 2.3 7.1, 2.4 2.5 7.2, 2.3 2.5 7.2, 2.1
Conception year
2007 [REF] – – – – – –
2008 11.7 16.9, 6.5 11.4 16.6, 6.2 11.3 16.4, 6.3
2009 17.8 23.4, 12.2 17.3 23.0, 11.6 16.8 22.4, 11.3
2010 30.4 38.9, 22.0 29.8 38.4, 21.2 28.7 37.1, 20.3
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Fig. 3. Exposure–response functions of NO2 with birth weight, at different levels of area-level SDI, adjusted for maternal SEP and covariates (Models 2 and 3). Shaded areas
indicate 95% conﬁdence intervals for non-linear association (Model 2). For comparison, linear slope and 95% conﬁdence intervals in dashed lines (Model 3). Linear NO2-birth
weight slopes (i.e., birth weight reduction) were -16.2 g (95% CI: 21.9, 10.5), 0.5 g (95% CI: 7.7, 8.7), and 11.0 g (95% CI: 22.8, 0.9) per 10 ppb increase in NO2, for SDI
Q1, SDI Q2þQ3, and SDI Q4 groups, respectively.
J.L.C. Shmool et al. / Environmental Research 142 (2015) 624–6326309.2); 15.4 g (95% CI: 28.5, 2.3); 16.5 g (30.1, 2.9);
14.8 g (95% CI: 25.8, 3.8); and 11.6 g (95% CI: 21.2, 2.0),
respectively].
Adjusting for PM2.5 co-exposures did not change covariate
coefﬁcient estimates across all models (Supplemental Table 4). A
smooth term for PM2.5 added to Model 1 appeared slightly pro-
tective above approximately 20 mg/m3, but was not statistically
signiﬁcant (Supplemental Fig. 3). In Model 2, adding a smooth
term for PM2.5 was not statistically signiﬁcant (p-value¼0.6), and
did not substantively alter the NO2-SDI interaction result (see
Supplemental Fig. 4); non-linear inverse association between NO2
and birth weight, which was most pronounced in the least-de-
prived areas, null in the mid-range of deprivation, and inverse
(near-signiﬁcant) among the most-deprived areas (p-
valueso0.001, 0.9, and 0.08, respectively). Likewise in Model 3,
adding a linear term for PM2.5 produced similar NO2-birth weight
slopes (i.e., birth weight reductions): 16.8 g (95% CI: 24.1,
8.0), 0.8 g (95% CI: 10.5, 9.0), and 11.7 g (95% CI: 24.3,
2.4) per 10 ppb increase in NO2, for the lowest, middle, and highest
SDI groups, respectively. Compared to the mid-range SDI group
(reference), p-values for interaction for SDI Q1 and Q4
wereo0.001 and 0.08, respectively.4. Discussion
Our ﬁndings indicate complex spatial patterning of air pollu-
tion and deprivation in NYC. The non-linear relationship between
gestational air pollution exposure and area-level deprivation we
observed are consistent with the one other NYC analysis of their
joint spatial distribution (Hajat et al., 2013), and echo other studies
reporting higher air pollution concentrations in more afﬂuent ur-
ban areas of Los Angeles County (Molitor et al., 2011) and Rome,
Italy (Forastiere et al., 2007). While the spatial heterogeneity in
deprivation and air pollution vary across cities and regions, they
appear to be positively correlated in many US cities (Bell and
Ebisu, 2012; Miranda et al., 2011; Gray et al., 2014); better un-
derstanding their joint distributions may be important for dis-
cerning mixed evidence for deprivation as a modiﬁer of the air
pollution-birth weight association.
Our interaction results indicate differences in birth weight
decrements along different parts of the exposure–response curve,
in linear and non-linear models. The relatively steep exposure–
response function describing mothers in the most-afﬂuent quartile
of census tracts (SDI Q1) may be due to higher average and more
variable near-residence pollution exposures among this group. By
comparison, the NO2-birthweight slope was somewhat lower
(though not signiﬁcantly so) in the most-deprived quartile (SDI
Q4), where pollution exposures were also lower. Alternately, thisdifferential association by SDI may be due to unmeasured depri-
vation-related behavioral (e.g., time-activity patterns) or structural
factors, potentially associated with both air pollution and birth
outcomes. However, the varying distribution of the estimated NO2
exposures across the SDI gradient raises challenges for interpret-
ing the differences in NO2-birth weight slopes as “modiﬁcation,”
because the observed differences in the slopes may also be due to
the difference in NO2's variance and concentration ranges.
The magnitude of our ﬁndings for linear effects of NO2 on birth
weight, across deprivation levels, are comparable to some US
studies (Bell et al., 2007; Darrow et al., 2011). Though few studies
have examined modiﬁcation of air pollution effects on birth out-
comes by area-level SEP, the majority have found heightened as-
sociations in lower-SEP areas (Wilhelm and Ritz 2003; Morello-
Frosch et al., 2010; Gray et al. 2014). Speciﬁcally, Morello-Frosch
et al. (2010) found approximately 13 g decrements, on average, in
birth weight per 10 ppb increase in NO2 among mothers living in
census tracts with Z22% of residents living in households with
income under the FPL, vs. lesser, but statistically signiﬁcant, ne-
gative associations in areas with 0–22% of residents living in
poverty (approximately 6–9 g decrements per 10 ppb NO2). In
comparison to this step-wise exposure–response relationship, we
observed similar magnitude decrements in higher-SEP tracts
[16.2 g (95% CI: 21.9, 10.5) per 10 ppb increase in NO2], but
null and weaker effects in mid-range and lower-SEP tracts. Gray
et al. (2014) found increased odds of adverse birth outcomes
among mothers residing in census tracts with lower mean
household income, but found no signiﬁcant interaction with PM2.5
or O3, potentially due to low variability in modeled air pollution
exposures by area-level SEP across North Carolina. In contrast,
Généreux et al. (2008) found that closer residential proximity to a
highway conferred greater odds of low birth weight only among
mothers in the wealthiest areas of Montréal, Canada, though
mothers in the poorest areas were more likely to live within 200 m
of a highway. Further studies are needed to understand whether
these mixed results are a function of locally-speciﬁc differences in
exposure and/or susceptibility patterns, or to different deprivation
metrics and/or air pollution exposure assignment methods.
4.1. Limitations
Though we sought to minimize uncertainty in exposure as-
signment, our air pollution exposure assessment was limited be-
cause near-residence estimates (a) do not encompass daily activ-
ities, and (b) assume that the mother maintained the same re-
sidential location recorded at the time of birth for the full gesta-
tion. Though we tested adjustment for co-pollutant PM2.5 ex-
posures, our use of the total mass concentration, instead of speciﬁc
constituents, may have obscured impacts of key elevated PM2.5
J.L.C. Shmool et al. / Environmental Research 142 (2015) 624–632 631constituents in NYC, the spatial distributions of which may not be
accurately captured by the total mass distribution [e.g., nickel (NYC
DOHMH, 2010)]. Likewise, our area-level deprivation assessment
was conducted using census tract units, which may be poor
proxies for lived neighborhood spaces (Diez Roux, 2001).
4.2. Strengths
The primary strength of this analysis is our ﬁne-scale, spatially-
informed exposure assignment for both air pollution and con-
textual deprivation. Adapting Morello-Frosch and Shenassa,
(2006) method for calculating the socioeconomic deprivation in-
dex bolsters comparability with other investigations of area-level
deprivation and birth outcomes. Here, we employ spatial regimes
for improving accuracy and local-speciﬁcity in estimating con-
textual deprivation, potentially of particular interest in studies of
joint effects of social and environmental exposures. Importantly,
spatial regimes can be identiﬁed and evaluated empirically using
geostatistical techniques (e.g., LISA) commonly used in econo-
metrics (Paelinck and Klaassen, 1979; Anselin, 2009), and more
recently in air pollution modeling (Sampson et al., 2013). These
methods offer promising approaches for environmental health
research, especially where exposure–outcome relationships may
be heterogeneous across space. Another strength is our con-
sideration of non-linear exposure–response relationships and non-
linear interactions, and our comparison to linear models. We ad-
justed for multiple maternal SEP indicators, and tested whether
our observed area-level deprivation modiﬁcation was driven by
compositional, rather than contextual, factors. In keeping with the
“ethnic framework” for birth outcomes research (Janevic et al.,
2010), we included both maternal ethnicity and nativity (i.e., US-
vs. foreign-born).5. Conclusion
Our ﬁndings suggest possible differential associations between
air pollution and fetal growth by area-level socioeconomic depri-
vation, but also illustrate the complexity in determining the “in-
teraction” of these risk factors because of their uneven joint dis-
tribution. Spatially-reﬁned exposure assessment and a ﬂexible
modeling approach suggest where adverse birth outcomes may
arise from disproportionate exposure burdens, or from differential
susceptibility to exposures. The apparent role of contextual de-
privation impacts, as distinct from individual-level and composi-
tional impacts, reinforces the need to design studies to disentangle
which components of area-level deprivation may be driving dif-
ferential susceptibility, and to elucidate their physiological and/or
behavioral mechanisms (Clougherty et al., 2014).Funding
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